Background. Sickle cell nephropathy is characterized by proteinuria that starts in childhood and may lead to renal failure. Microalbuminuria is used as a marker of glomerular damage. There are no data on the extent and type of proteinuria other than microalbuminuria in children with sickle cell disease (SCD). Our goal was characterization of glomerular permselectivity and tubular proteinuria in children with SCD. The improved characterization will allow earlier recognition and prevention of renal damage. Methods. Thirty-two stable patients with haemoglobin SS (HbSS) (15 boys and 17 girls, age 9.57 ± 5.45 years, 8 months to 19 years) were investigated. All patients had normal renal function and tested negative for proteinuria with a dipstick method. Markers of glomerular permselectivity used were albumin (marker of charge selectivity and less severe pore-size selectivity) and immunoglobulin G (IgG, marker of more severe pore-size selectivity). The marker of tubular injury used was retinol-binding protein (RBP, marker of proximal tubular dysfunction). These proteins were measured in urine spot samples using nephelometry. We did not include a control group as values in healthy subjects were previously published. Results. Total protein excretion was elevated in 41% (13/32) of all patients and, of these 13 patients, 38.5% (5/13) had increased microalbuminuria, 15% (2/13) had increased excretion of RBP and 23% (3/13) had increased excretion of IgG. Increased total proteinuria that was not detected by testing for microalbuminuria was found in 61.5% (8/13) of patients. The youngest patient was 3 years old. Increased microalbuminuria was present in 25% (8/32) of all patients and was detected as early as 4 years of age. Of these, 62% (5/8) also had increased total protein excretion and 62% (5/8) also had increased IgG excretion. A total of 62.5% were older than 10 years. RBP excretion was elevated in 16% (5/32) of patients, all of whom were 7-14 years old. None of these patients had increased microalbuminuria or increased excretion of IgG. IgG excretion was elevated in 16% (5/32) of patients and was accompanied by increased microalbuminuria. All patients with increased IgG excreCorrespondence and offprint requests to: Olivera Marsenic, Children's Hospital of Philadelphia, Nephrology, 34th Street and Civic Center Boulevard, Philadelphia, PA 19104, USA. Tel: +1-215-235-0938; E-mail: oljamc@mac.com tion were ≥13 years old. We found a weak positive correlation between microalbuminuria and age (0.323, P = 0.07). We did not find a significant correlation between any type of proteinuria and disease morbidity. Ten of the thirty-two patients received hydroxyurea treatment and 60% (6/10) had no proteinuria. Twelve of the thirty-two patients received chronic exchange transfusions and 42% (5/12) had no proteinuria. Conclusion. We found early glomerular selectivity damage in children with SCD, which is secondary to both sizeselectivity and charge-selectivity impairment. Microalbuminuria alone does not adequately detect early renal damage in children with SCD. Proximal tubular dysfunction is seen in younger children and is independent of glomerular damage. We suggest that children with SCD be tested for both total protein and IgG excretion in the urine in addition to albumin. Knowing the extent and type of renal damage may allow earlier recognition of renal injury and prompt earlier initiation of preventive therapies.
tion were ≥13 years old. We found a weak positive correlation between microalbuminuria and age (0.323, P = 0.07). We did not find a significant correlation between any type of proteinuria and disease morbidity. Ten of the thirty-two patients received hydroxyurea treatment and 60% (6/10) had no proteinuria. Twelve of the thirty-two patients received chronic exchange transfusions and 42% (5/12) had no proteinuria. Conclusion. We found early glomerular selectivity damage in children with SCD, which is secondary to both sizeselectivity and charge-selectivity impairment. Microalbuminuria alone does not adequately detect early renal damage in children with SCD. Proximal tubular dysfunction is seen in younger children and is independent of glomerular damage. We suggest that children with SCD be tested for
Introduction
Sickle cell nephropathy results from recurrent renal vasoocclusion, ischemic injury and loss of nephron mass [1] . Renal failure develops in up to 18% of adult patients with sickle cell disease (SCD) [2] . Glomerular proteinuria occurs as a consequence of intrinsic glomerular capillary injury, increased glomerular filtration rate and increased renal plasma flow [1, 3] . A number of studies have addressed the prevalence of microalbuminuria in children with SCD disease [4] [5] [6] [7] [8] , which has been used as a marker of preclinical glomerular damage. However, adult literature suggests that abnormal albuminuria is accompanied by increased large molecule immunoglobulin G (IgG) excretion [3] and that there is more severe glomerular basement membrane (GBM) damage then initially thought. IgG excretion has not been characterized in children with SCD and there is little data about tubular proteinuria [6] .
The study objective was to investigate the extent and type of proteinuria that occurs in children with a spectrum of 716 O. Marsenic and K. Couloures haemoglobin SS (HbSS) disease. We aimed to characterize glomerular permselectivity (which can be damaged by impaired size selectivity, or impaired charge selectivity) and investigate for tubular proteinuria by using various markers of glomerular and tubular injury. The enhanced characterization of the location and severity of renal damage will allow better understanding of the renoprotective role of therapies such as angiotensin-converting enzyme inhibitors (ACEi), hydroxyurea and blood transfusions [7, 10, 11] .
Subjects and methods
Albumin and IgG were used as markers of glomerular permselectivity. Albumin, a molecule with a radius of 36Å, and a weight of 69 kDa, is a small, negatively charged protein and its increased excretion indicates damage of charge selectivity and less severe pore-size selectivity [12, 13] . IgG is a larger uncharged molecule with a radius of 55Å and a weight of 150 kDa, and its increased excretion indicates size-selectivity damage and disruption of the glomerular capillary wall [12, 13] . Retinol-binding protein (RBP) was used as a marker of tubular injury. It is a molecule with a radius of 10Å and a weight of 21 kDa. It passes freely through the GBM and is reabsorbed by the proximal tubule, and therefore its increased excretion suggests proximal tubular dysfunction. It is a preferred low-molecular-weight (LMW) protein for the study of proximal tubular dysfunction since it remains stable in acidic urine and, hence, does not require urine alkalinization for accurate quantification [14, 15] .
This study was performed at Children's Hospital at Sinai Hospital of Baltimore during the year [2005] [2006] . Stable patients with SCD, with HbSS, presenting for routine visits every 6 months were screened for the study. Stable patients were defined as those who were not having an acute illness and a crisis of SCD, and those without other chronic illness. Other exclusion criteria were known hypertension, fever and pregnancy. Hypertension was defined as systolic and diastolic blood pressure >90th percentile for age, height and gender [16] . Haemoglobin levels and frequency of sickle cell crisis were not part of the exclusion criteria. None of the patients were treated with angiotensin receptor blockers or ACEi. Patients were not started on any new medications for at least 6 months prior to the study. Indications for treatment with hydroxyurea or exchange transfusions were history of stroke, abnormal transcranial Doppler ultrasound, acute chest syndrome, history of severe chronic pain, frequent vasoocclusive episodes and priapism.
Specialty Laboratories (Santa Monica, CA, USA) performed the laboratory studies. Creatinine, RBP, albumin, IgG and total protein were measured in urine spot samples. Results were expressed as urinary protein tested/urinary Cr. Urine dipstick testing, urinalysis and serum creatinine were done as part of the routine patient visit. Medical records review and patient interviews were used to obtain SCD course and management history including use of exchange transfusions and hydroxyurea. Morbidity was expressed as the number of hospital admissions per year of life (Table 1) .
Albumin, IgG and RBP in urine were determined by nephelometry, based on the formation of specific antigen-antibody complexes. Total protein was determined by spectrophotometry. Minimal amounts detected were 2.3 mcg/ml for albumin, 10 mcg/ml for IgG, 6 mcg/ml for RBP and 40 mcg/ml for total protein. Urine creatinine testing was performed using a Jaffe reaction.
Previously published normal values for RBP [17] , IgG [17, 18] and total protein [19] excretion for age were used to determine if excretion of these proteins was increased. Increased microalbuminuria was defined as albumin/creatinine > 20 mg/g, as previously used in other studies [4] . Data analysis was done using descriptive statistics and correlation analysis. 
Results
Thirty-two children with HbSS disease aged 8 months to 19 years (9.57 ± 5.45 years, median 10.25 years) were enrolled in the study (15 males and 17 females). Patients were divided into three age groups: 0-6 years (12 patients), 7-13 years (12 patients) and 14-19 years (8 patients). All patients had normal renal function (normal serum creatinine (0.31 ± 0.15 mg/dl, min 0.1, max 0.7) and normal GFR for age calculated using the Schwartz formula) and tested negative for proteinuria with the dipstick method. Results are presented in Table 1 and Figures 1-4 . Three of thirtytwo patients tested positive for increased excretion of total protein, albumin and IgG, while none were positive for all proteins tested.
Total protein excretion was elevated in 41% (13/32) of patients. The increased total protein excretion was accompanied by increased microalbuminuria in 38.5% (5/13), increased RBP excretion in 15% (2/13) and increased IgG excretion in 23% (3/13). However, 46% (6/13) had increased total protein excretion without increased excretion of any of the tested proteins. A total of 61.5% (8/13) of patients with increased total protein excretion had increased proteinuria that was not detected either by dipstick testing or by testing for microalbuminuria. Increased total protein excretion was evenly distributed among age groups, 38.5% (5/13) were 0-6 years old (youngest patient was 3 years old), 38.5% (5/13) were 7-13 years old and 23% (3/13) were 14-19 years old.
Increased microalbuminuria was present in 25% (8/32) of all patients, and it was accompanied by increased total protein excretion in 62% (5/8) and increased IgG excretion in 62% (5/8) of patients. None of the patients with increased microalbuminuria had increased excretion of RBP. Of all patients with increased microalbuminuria 25% (2/8) were in the age group 0-6 years (youngest patient was 4 years old), 37.5% (3/8) were in the age group 7-13 years and 37.5% (3/8) were in the age group 14-19 years.
RBP excretion was elevated in 16% (5/32) of patients. Of these, two patients had increased total protein excretion and none had increased microalbuminuria or increased excretion of IgG. All patients with increased RBP excretion were 7-14 years old.
IgG excretion was elevated in 16% (5/32) of patients. All of these also had increased microalbuminuria, and only 60% (3/5) tested positive for increased excretion of total protein as well. None had increased excretion of RBP. All patients with increased IgG excretion were older (2/5 were 13 years old and 3/5 were in the age group of 14-19 years).
Ten of the thirty-two patients received hydroxyurea treatment and 60% (6/10) had no proteinuria (4 of these 6 patients also received treatment with exchange transfusions). Twelve of the thirty-two patients received chronic exchange transfusions and 42% (5/12) had no proteinuria (4 of these 5 patients also received hydroxyurea). We correlated different types of proteinuria with use of exchange transfusions and hydroxyurea treatments, age and SCD morbidity. We found high positive correlations between IgG excretion and treatment with hydroxyurea (r = 1.000) and exchange transfusions (0.998). We found a weak positive correlation between microalbuminuria and age (0.323, P = 0.07). We did not find a significant correlation between any type of proteinuria and disease morbidity.
Discussion
Only a small number of studies address proteinuria and tubular function in the paediatric patients with SCD [4] [5] [6] [7] [8] . Increased microalbuminuria has been found in 6.2-26.5% of patients with HbSS disease [4, 5, 7, 8] . Bayazit et al. found distal tubular dysfunction without tubular proteinuria [6] .
We found elevated total protein excretion in 41% of all patients, while the urine dipstick test was negative in all patients and, therefore, unreliable. A total of 61.5% of the patients with elevated total protein excretion did not have microalbuminuria. Renal disease would have remained undetected if only albumin was used as a screening test. Also, 46% of patients with elevated total protein excretion had normal levels of urinary albumin, IgG and RBP, suggesting that other proteins are responsible for proteinuria in these patients. Total proteinuria was increased in a large portion of the very young patients, starting at age 3 years, suggesting that renal damage occurs very early.
We found that increased microalbuminuria was present in 25% of all patients [4, 5, 7, 8] , but that the onset of increased microalbuminuria is 4 years, which is 3 years earlier than the previously reported 7 years of age [4, 8] . Increased microalbuminuria indicates damage of less severe pore-size selectivity and charge selectivity [12, 13] . A large portion (62%) of patients with increased microalbuminuria also had increased IgG excretion, suggesting that greater renal injury was present that would not have been recognized based on microalbuminuria testing alone. We found that microalbuminuria increased in prevalence in older children (62.5% were older than 10 years) [4, 5, 7, 8] , but its severity did not correlate with age (r = 0.323, P = 0.07).
In disease states involving the proximal tubule, there is reduced reabsorption of LMW proteins and consequently increased spillage of these proteins into the urine. This increase in the urinary concentration of LMW proteins is a sensitive marker of proximal tubular dysfunction, and therefore of tubulointerstitial damage, and has been found to have predictive value in disease progression [12, 14] . LMW proteins have pointed to tubular dysfunction in diseases such as IgA nephropathy, membranous nephropathy, focal segmental glomerulosclerosis, Fanconi syndrome, interstitial nephritis, acute tubular necrosis, drug toxicity, SCD and diabetes mellitus [14, 20, 21] . Most commonly used LMW proteins for the assessment of renal tubular abnormalities are RBP, Alpha-1-microglobulin and Beta-2-microglobulin. We chose RBP for our study since it was recommended as a preferred marker of tubular dysfunction because of its tubular specificity and its stability profile. Also, it had not been studied in children with SCD before. Alpha-1-microglobulin is less specific for tubular injury as it is also elevated in glomerular proteinuria. Beta-2-microglobulin is degraded in urine with a pH of <6.0 and therefore requires monitoring and alkalinization of urine for accurate measurements [14, 15] . We found that it was elevated in 16% of patients, suggesting proximal tubular dysfunction and was mostly present in the younger patients. Tubular proteinuria is not as frequent a finding as glomerular proteinuria, and since it is only found in younger patients, this tubular dysfunction may be transient and independent of age. Increased RBP excretion was not associated with either increased microalbuminuria or IgG excretion, suggesting that tubular dysfunction is independent of glomerular damage. Bayazit et al. studied N-acetyl-b-Dglucosaminidase (NAG; a lysosomal enzyme originating directly from the tubule) excretion and tubular resorption of phosphate to assess proximal tubular dysfunction in 55 children with HbSS and did not find that these were different from normal controls [6] . Alvarez et al. found increased β-2-microglobulin excretion in 14.6% of their patients, which was not associated with increased microalbuminuria [11] .
IgG excretion in children with SCD has also not been studied before. Under physiologic conditions proteins of the size of IgG are almost completely restricted from filtration because their radius is higher than that of small restrictive pores, and the contribution of the shunt pores or large selective pores is quantitatively irrelevant [12] . Therefore, IgG has been used as a marker of proteins of high molecular weight, and its increased excretion in the urine points to the loss of barrier size-selectivity [12, 13] . IgG has been used as a marker of glomerular damage and was found to have a predictive value in various renal diseases such as membranous nephropathy, IgA nephropathy, focal segmental sclerosis, pyelonephritis, diabetes mellitus and SCD [9, 12, 18, 21, 22] . It was elevated in 16% of our patients, all of whom were older than 13 years and had increased microalbuminuria. Greater glomerular permeability occurs as early as 13 years of age, and is accompanied with microalbuminuria. Patients with microalbuminuria also had increased IgG excretion (62%) suggesting that there is greater sizeselectivity damage and a greater severity of the disruption of the structural integrity of the glomerular capillary walls. As the severity of glomerular lesions escalates, the amount of IgG in the urine increases progressively [12] and GBM damage may be more severe than initially thought on the basis of microalbuminuria studies alone [9] . Even though we found increased large molecule excretion (IgG), this was not always reflected in total protein excretion, as 40% of patients with increased IgG and albumin excretion still had normal total protein excretion. Testing for either albumin or total protein alone may miss greater glomerular damage.
Increased IgG excretion occurred only in older patients who had also required exchange transfusions or hydroxyurea treatment for other complications of SCD, suggesting that greater glomerular damage may only happen after a longer and more severe disease course.
We found that although proteinuria and larger molecule excretion occurred more frequently as HbSS patients got older, we did not find that the degree of proteinuria correlated with disease morbidity. Reports conflict about microalbuminuria and SCD morbidity, showing either no association [4, 8] or positive association with chest syndrome [5, 11] , stroke, cholelithiasis and hospitalization rate [5] . Recent studies have shown that the early use of angiotensinconverting enzyme inhibitor, hydroxyurea and blood transfusions is beneficial in preventing the progression of renal disease in children with SCD [7, 10, 11] . Our study supports these findings as 60% of our patients treated with hydroxyurea and 42% treated with exchange transfusions had no proteinuria.
There are no studies of overt proteinuria and renal failure in children with SCD for comparison with our results. One report describes three teenagers with SCD, overt proteinuria and normal renal function [10] , and the other describes a 15-year-old patient with SCD, nephrotic syndrome, renal failure and collapsing FSGS [23] . Proteinuria in the four patients described was reported as total urinary protein only. Published studies of the type of proteinuria in children with SCD focused only on children with minimal proteinuria and normal renal function. Sickle cell nephropathy rarely progresses to end-stage renal disease in children [24] . However, reports in adults have shown that asymptomatic proteinuria progresses to overt proteinuria and ultimately to renal failure [3, [25] [26] [27] . Therefore, earlier detection and treatment of SCD nephropathy may be important for preventing or slowing the progression to renal failure.
In conclusion, we found that there is early glomerular selectivity damage in children with SCD, which is secondary to both size-selectivity and charge-selectivity impairment. Therefore, microalbuminuria alone is not a good measure of early renal damage in this patient population and will underestimate the degree of renal damage. We suggest that children with SCD be tested for both total protein and IgG excretion in the urine in addition to albumin. Knowing the extent and type of renal damage may allow earlier recognition of renal injury and prompt earlier initiation of preventive therapies.
